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1.  IntroductIon 
Nd:YAG laser ceramic has some important advantages 
over single crystals such as large size fabrication, possibility 
of producing multilayer ceramic structure and low cost 
production1,2. It is particularly useful for high temperature and 
high energy applications. When doped with rare earth ions 
(Nd3+), it is the most widely explored and used solid state laser 
material till date3,4. Worldwide research for the synthesis of 
highly sinterable Nd:YAG nanopowder is going on tremendously 
exploring different types of methods for developing transparent 
ceramics. To name a few, Nd:YAG synthesis has been reported 
using methods like co-precipitation5-7, sol-gel8, spray drying9, 
homogeneous precipitation10, freeze drying11,12, microwave 
assisted combustion13, etc. 
Freeze drying is a very good technique for synthesis 
of multi component compounds with an accurate control 
of stoichiometry with high surface area, since it involves 
sublimation for elimination of water from frozen solution 
containing cations in stoichiometric ratios14. Freezing the 
sol make cations mobility difficult and thus prevent cation 
segregation leading to high cation homogeneity. Since water 
is directly removed by sublimation during freeze drying 
solid bridge formation is prevented, leading to well dispersed 
powder formation15. Some reports are there in the literature 
for the synthesis of Nd:YAG by freeze drying starting from 
organo-metallic precursors12 and carbonate precipitates16 and 
fabrication of transparent ceramics.
In the present study freeze drying synthesis of Nd:YAG 
nanopowders from sol of simple metal nitrates with citric acid 
is reported for first time. Sinterability of these nanopowders was 
also explored and transparent ceramic with 71% transmission 
at 1064 nm was obtained. By citrate nitrate and other sol gel 
route YAG and Nd:YAG nanopowder synthesis has been 
reported17- 20 with no description of transmission value.
2.  ExpErImEnt
Yttrium nitrate, Y(NO3)3.6H2O (99.9 per cent, Alfa Aesar), 
Aluminum nitrate, Al(NO3)3.9H2O (99.999 per cent, Alfa 
Aesar), Neodymium nitrate, Nd(NO3)3.6H2O (99.9 per cent 
purity Alfa Aesar) and Citric acid anhydrous (99.5+ per cent 
purity Alfa Aesar) were used as the starting materials. The 
metal nitrates were taken in the molar ratio of Nd+3:Y3+:Al3+ 
as 0.06: 2.94: 5 to give 2 atomic per cent neodymium ion 
doped Yttrium Aluminium Garnet (Nd0.06Y2.94Al5O12). Sol 
was prepared by dissolving metal nitrates along with citric 
acid, used as the complexing agent, keeping the metal nitrate 
to citrate ratio as 1: 0.25, in high purity water of resistivity 
>5 MΩ-cm purified by Millipore Elix 10 water purifier. Sol 
thus prepared was treated in two ways. A part of it was freeze 
dried at very low temperature of -80 °C for 48 h in freeze drier 
(Virtis pilot scale lyophilizer) and another part was dried in 
conventional oven at 80 °C - 110 °C for 40 h. Metal nitrates 
are often used as starting materials due to their high solubility 
and low decomposition temperature. But it is very difficult 
to freeze the nitrate sol14. Metal nitrate-citrate sol underwent 
freeze drying at -80 °C for 48 h compared to reported at -20 °C 
for 20 h for organmetallic sol. The freeze dried swollen solid 
mass and oven dried gel thus obtained were calcined at 1000 °C 
for 2 h to give Nd:YAG nanopowder. Calcination temperature 
has been optimised in previous work21. The whole process is 
illustrated in the flow chart.
Evolution of the crystalline phases was monitored by 
X-Ray Diffraction (XRD) on X’PERT PRO PANalytical 
PW 3050/60 Standard Resolution Goniometer, keeping 2θ 
range from 15° to 75°. The crystallite size was determined by 
using the well known Scherrer’s equation. Particle size range 
and morphological studies were carried out on transmission 
electron microscope (TEM, 200 kV, JEOL TEM-2100) by 
preparing samples on copper grids. Both the powders were 
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Figure 1. xrd of nd:YAG nanopowder on calcination at 
1000 °c for 2 h.
uniaxially pressed in a 13 mm diameter steel die lined with 
tungsten carbide at 34 MPa and isostatically pressed at 
300 MPa. The green compacts were sintered at 1700 °C for 
5 h under vacuum 1.1X10-6 mbar in a furnace with tungsten 
and molybdenum mesh heaters at 600 °C/h heating and cooling 
rates. Vacuum sintered pellets were then hot isostatically 
pressed at 1750 °C for 4 h at 200 MPa. The sintered specimen 
was analysed for retention of phase purity by XRD. Ceramics 
were post sintered at 1300 °C for 5 h, polished and gold coated 
to observe microstructure using scanning electron microscope 
(SEM) LEO-1430. Transmission studies of samples was done 
on Cary 5000 uV-VIS-NIR spectrophotometer.
The emission spectra of specimens were recorded using 
808 nm 3 W diode laser as the excitation source and the 
emission was coupled to a monochromator (Acton SP2300) 
attached with an InGaAs detector. The spectral measurements 
were carried out at room temperature within the spectral region 
of 900 nm - 1200 nm with 0.1 nm resolution.
3.  rESultS And dIScuSSIon
The powders obtained by sol-gel (SG) route and freeze dry 
(FD) route after calcination at 1000 °C for 2 h were found to be 
highly crystalline and phase pure on peak indexing the XRD 
data with the standard JCPDS as shown in Fig. 1. The main 
peak is centered at 2θ = 33.35° and corresponds to a crystal 
plane with Miller indices of [420] characteristic of YAG22.
Particle size was calculated using Scherrer’s23 Eqn (1). 
2 2
0.9
cos sample inst
t λ=
q β + β
                    (1)
where t is the crystallite diameter, λ=1.54056Å, θ is the 
diffraction angle, βsample is the FWHM of the diffraction peak 
and βinst is characteristic of the instrument. The particle size 
calculated by applying Scherer’s equation was found to be 30 
nm. By TEM the particle size range was 35 nm - 50 nm in both 
the cases as shown in Fig. 2. The freeze dry route resulted into 
particles with close to spherical and very uniform morphology. 
This is a characteristic consequence of freeze dry synthesis due 
to the elimination of water by sublimation leading to uniform 
porous structure14. On the other hand sol-gel route synthesised 
nanopowder showed non uniform and polyhedral morphology 
as observed by TEM. After vacuum sintering at 1700 °C for 
5 h under vacuum 1.1x10-6 mbar, opaque ceramics were obtained 
in both the cases with densities ~90-93%. The densities were 
determined by Archimedes principle using density kit of 
Mettler Toledo XS205Du. The sintered ceramics were hot 
isostatically pressed at 1750 °C for 4 h under 200 MPa Argon 
pressure and achieved 71% transmission at 1064 nm for freeze 
dried nanopowder compared to translucent ceramic from citrate 
nitrate sol-gel route as shown in Fig. 3. The green compacts 
were repeatedly sintered at different sintering schedules from 
1600 °C to 1700 °C under vacuum (1.1 x 10-6 mbar) from 5 h to 
10 h followed by Hot Isostatic Press treatment from 1650 °C 
to 1750 °C under 200 MPa for 2 h - 4 h. Finally heat treatment 
schedule mentioned above gave 71 per cent transmission at 
1064 nm. Optimisation of sintering schedule is still underway 
to increase transmission from 71 per cent to 84 per cent, which 
is theoretical transmission24.
Figure 2. tEm of nd:YAG nanopowders obtained by (a) Sol-
Gel route and (b) Freeze dry route. 
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Figure 6. Emission spectra of nd:YAG transparent ceramics 
from Fd route.
Figure 5. xrd of sintered ceramics of Fd route nanopowder.
Figure 3. (a) transmission of sintered ceramics and (b) actual 
photographs of samples.
 SEM of the polished and gold coated surface of freeze dry 
route transparent ceramic as shown in Fig. 4 after annealing at 
1300 °C for 5 h revealed grain size upto 15 µm - 20 µm. Phase 
purity has been retained as observed by XRD is as shown in 
Fig. 5. This indicated formation of highly sinterable Nd:YAG 
nanopowder from freeze dry route.
Room temperature emission spectra of freeze dry route 
Nd:YAG transparent ceramic measured under 808 nm excitation 
as shown in Fig. 6, shows strongest flourescence emission of 
Nd3+ ions at 1064 nm corresponding to 4F3/2→
4I11/2 transition.
Figure 4. SEm of sintered ceramics of Fd route nanopowder.
4.  concluSIon
A very simple citrate nitrate sol freeze dry synthesis 
of Nd:YAG nanopowder was explored and compared with 
nitrate citrate sol-gel route leading to formation of uniform 
homogeneously uniform, non agglomerated Nd:YAG 
nanopowders in case of freeze dry route. Sintering at low 
temperature of 1700 °C for mere 5 h under vacuum 1.1x10-6 
mbar followed by hot isostatic press at 1750 °C for 4 h under 
200 MPa Argon pressure led to 71 per cent transmission at 
1064 nm, indicating high sinterability of nanopowders from 
sol freeze dry route. Phase purity was retained from powder to 
ceramic all through the sintering process. 
rEFErEncES
1. Vatnik, S.M.; Osipov, V.V.; Vedin, I.A. & Kurbatov, P.F. 
Investigation of lasing characteristics of 1% Nd:YAG 
laser ceramics. Quantum. Electron., 2013, 43(3), 288-
(b)
WAVELENGTH (nm)
IN
TE
N
SI
TY
 a
.u
.
(a)
WAVELENGTH (nm)
TR
A
N
SM
IS
SI
O
N
 (
%
)
71% TRANSMISSION 
IN
TE
N
SI
TY
 a
.u
.
2q (DEGREE)
MANN, et al.: SOL FREEZE DRY ND:YAG NANOPOWDER SYNTHESIS AND SINTERABILITY STuDIES
421
290. 
 doi: 10.1070/qe2013v043n03abeh015135 
2. Sanghera, J.; Kim, W.; Villalobos, G.; Shaw, B.; Baker, 
C.; Frantz, J.; Sadowksi, B. & Aggarwal, I. Ceramic laser 
materials. Mater., 2012, 5(2), 258-277. 
 doi: 10.3390/ma5020258
3. Sanghera, J.; Kim, W.; Villalobos, G.; Shaw, B.; Baker, 
C.; Frantz, J.; Sadowksi, B. & Aggarwal, I. Ceramic laser 
materials: Past and present. Opt. Mat., 2013, 35(4), 693-
699. 
 doi: 10.1016/j.optmat.2012.04.021
4. Wen, L.; Sun, X.; Xiu, Z.; Chen, S. & Tsai, Chi-Tay. 
Synthesis of nanocrystalline yttria powder and fabrication 
of transparent YAG ceramics. J. Eur. Ceram. Soc., 2004, 
24(9), 2681-2688. 
 doi: 10.1016/j.jeurceramsoc.2003.09.001
5. Li, J.; Chen, F.; Liu, W.; Zhang, W.; Wang, L.; Ba, X.; 
Zhu, Y.; Pan, Y. & Guo, J. Co-precipitation synthesis route 
to yttrium aluminum garnet (YAG) transparent ceramics. 
J. Eur. Ceram. Soc., 2012, 32(11), 2971-2979.
  doi: 10.1016/j.jeurceramsoc.2012.02.040
6. Yagi, H.; Yanagitani, T.; Takaichi, K.; ueda, K. & 
Kaminskii, A.A. Characterizations and laser performances 
of highly transparent Nd3+:Y3Al5O12 laser ceramics. Opt. 
Mater., 2007, 29(10), 1258-1262. 
 doi: 10.1016/j.optmat.2006.01.033
7.  Li , J.; Chen, F.; Liu, W.B.; Zhang, W.X.; Wang, L.; Ba, 
X.W.; Zhu, Y.J.; Pan, Y.B. & Guo, J.K. Co-precipitation 
synthesis  route to  yttrium  aluminum garnet (YAG)
transparent  ceramics. J. Eur. Ceram. Soc., 2012, 32(11), 
2971-2979. 
 doi: 10.1016/j.jeurceramsoc.2012.02.040
8. Zhydachevskii, Ya.; Syvorotka, I.I.; Vasylechko, L.; 
Sugak, D.; Borshchyshyn, I.D.; Luchechko, A.P.; Vakhula, 
Ya. I.; ubizskii,S.B.; Vakiv, M.M. & Suchocki, A. Crystal 
structure and luminescent properties of nanocrystalline 
YAG and YAG:Nd synthesized by sol-gel method. Opt. 
Mater., 2012, 34(12), 1984-1989. 
 doi: 10.1016/j.optmat.2011.12.023
9. Lopez, R.; Zarate, J.; Aguilar, E.A. & Munoz-Saldana, 
J. Preparation of neodymium doped yttrium aluminum 
garnet powders and fibres. J. Rare Earths, 2008, 26(5), 
670-673. 
 doi: 10.1016/S1002-0721(08)60159-3
10. Yaohui, Lv; Zhang, W.; Liu, H.; Sang,Y.; Qin, H.; Tan, J. 
& Tong, L. Synthesis of nano-sized and highly sinterable 
Nd:YAG powders by the urea homogeneous precipitation 
method. Powder Technol., 2012, 217, 140-147. 
 doi: 10.1016/j.powtec.2011.10.020
11. Zhou, Z.; Yang, F.; Chen, J.; Gao, X. & Lu, Y. An easy way 
to synthesize YAG nanoparticles for transparent ceramics 
via allegro vacuum freeze drying. Adv. Mater. Res., 2013, 
710, 203-207. 
 doi: 10.4028/www.scientific.net/amr.710.203 
12. Ravinovitch, Y.; Bogicevic, C.; Karolak, F.; Tetard, D. & 
Dammak, H. Freeze-dried nanometric neodymium-doped 
YAG powders for transparent ceramics. J. Mater. Process. 
Technol., 2008, 199(1-3), 314-320. 
 doi: 10.1016/j.jmatprotec.2007.08.022
13. Choudhary, R.; Laishram, K. & Gupta, R.K. Rapid 
synthesis of Nd:YAG nanopowder by microwave flash 
combustion. Mater. Sci. Poland, 2009, 27(4/1), 1025-
1031.
14. Tallon, C.; Moreno, R. & Nieto, M.I. Synthesis of γ-Al2O3 
nanopowders by freeze drying. Mater. Res. Bull., 2006, 
41(8), 1520-1529. 
 doi: 10.1016/j.materresbull.2006.01.021   
15. Gong, H.; Zhang, J.; Tang, D-Y.; Xie, G-Q.; Huang, H. 
& Ma, J. Fabrication and laser performance of highly 
transparent Nd:YAG ceramics from well-dispersed 
Nd:Y2O3 nanopowders by freeze-drying. J. Nanopart. 
Res. 2011, 13(9), 3853-3860. 
 doi: 10.1007/s11051-011-0336-9 
16. Gong, H.; Tang, D.-Y.; Huang, H. & Ma, J. Agglomeration 
control of Nd:YAG nanoparticles via freeze drying for 
transparent Nd:YAG ceramics. J. Am. Ceram. Soc. 2009, 
92(4), 812-817. 
 doi: 10.1111/j.1551-2916.2009.02987.x
17. Costa, A.L.; Esposito, L.; Medri, V. & Bellosi, A. Synthesis 
of Nd:YAG material by citrate-nitate sol-gel combustion 
route. Adv. Eng. Mater., 2007, 9(4), 307-312. 
 doi: 10.1002/adem.200600264 
18. Guo, K.; Chen, H-H.; Guo, X.; Yang, X-X.; Xu, F-F. & 
Zhao, J-T. Morphology investigation of yttrium aluminum 
garnet nanopowders prepared by sol-gel combustion 
method. J. Alloys Compd., 2010, 500(1), 34-38. 
 doi: 10.1016/j.jallcom.2010.03.037
19. Zhydachevskii, Y.; Syvorotka, I.I.; Vasylexhko, L.; Sugak, 
D.; Borshchyshyn, I.D.; Luchechko, A.P.; Vakhula, Y.I.; 
ubizskii, S.B.; Vakiv, M.M. & Suchocki, A. Crystal 
structure and luminescent properties of Nanocrystalline 
YAG and YAG:Nd synthesized by sol-gel method. Opt. 
Mater., 2012, 34(12), 1984-1989. 
 doi: 10.1016/j.optmat.2011.12.023
20. Derbas, M.H. Asaad, I. & Kandeel, F. Synthesis and 
characterization of Nd:YAG nanopowder via polymer 
DTPA|metal chelated complexes. Int. J. Chem. Technol. 
Res., 2014-2015, 7(4), 2090. 
21. Devi, K.; Choudhary, R.; Satsangi, A.K. & Gupta, R.K. 
Sol-gel synthsis and characterization of Nanocrystalline 
yttrium aluminium garnet nanopowder. Def. Sci. J., 2008, 
58 (4), 545-549. 
 doi: 10.14429/dsj.58.1675
22. Vaidhyanathan, B. & Binner, J.G.P. Microwave assisted 
synthesis of nanocrystalline YAG. J. Mater. Sci., 2006, 
41(18), 5954-5957. 
 doi: 10.1007/s10853-006-0260-z
23. Culity, B.D. & Stock, S.R. Elements of X-ray diffraction 
2nd Edn, Addition-Wesley, MA. 1978
24. Kochawattana, S.; Stevenson, A.; Lee, S.-H.; Ramirez, 
M.; Gopalan, V.; Dummb, J.; Castillo, V. K.; Quarles, G.J. 
& Messing, G.L. Sintering and grain growth in SiO2 doped 
Nd:YAG. J. Eur. Ceram. Soc., 2008, 28(7), 1527–1534. 
 doi: 10.1016/j.jeurceramsoc.2007.12.006
DEF. SCI. J., VOL. 65, NO. 5, SEPTEMBER 2015
422
AcKnowlEdGEmEntS
The authors wish to express their sincere thanks to 
Director, Laser Science and Technology Centre (LASTEC), 
Delhi, for his constant inspiration and encouragement. The 
authors also like to thank all the members of Laser Materials 
Division, LASTEC for their support and cooperation. The 
authors also like to thank Dr G. Vijaya Prakash, IIT Delhi for 
emission measurements. 
contrIbutorS
dr (mrs) rekha mann obtained her MSc and MPhil (Organic 
Chemistry) from Kurukshetra university, and PhD (Applied Chemistry) 
from Delhi College of Engineering, Delhi, in 2003. Presently she is 
working as Scientist ‘E’ at LASTEC, Delhi. Her areas of interest are 
: Nanomaterial synthesis and processing, laser materials (transparent 
ceramics & single crystals), organic synthesis, and polymer materials. 
She has published 26 research papers in the journals and conferences, 
and published 5 technical reports
ms Kiranmala laishram obtained her MSc (Physical Chemistry) 
from Manipur university in 2002. She is working as Scientist ‘D’ at 
Laser Science and Technology Centre (LASTEC), Delhi. Her areas of 
interest are: Material characterisation techniques, laser materials, and 
nonmaterial-synthesis and applications. She has published 24 research 
papers in the journals and conferences and 5 technical reports.
mr Khavangkhui Zimik obtained his MSc (Physics) from Delhi 
university IN 1997. He is working as Scientist ‘E’ at Laser Science 
and Technology Centre (LASTEC), Delhi. His areas of interest are: 
laser materials (single crystals & ceramics). He has published 10 
research papers in the journals and conferences.
mr Sheikh Ashfaq Ahmed obtained his BE (Chemical Engineering) 
from Regional College of Engineering, Srinagar (J&K). He is working 
as Scientist ‘D’ at Laser Science and Technology Centre (LASTEC), 
Delhi. His areas of interest are: laser materials (single crystals & 
ceramics).
ms neelam malhan obtained her MSc (Physical Chemistry) from 
university of Delhi and MTech from Indian Institute of Technology 
Delhi, in 1979. Presently she is working as Scientist ‘G’ at LASTEC, 
Delhi. Her areas of interest are : Development of high purity grade oxide 
materials and catalyst for laser applications, analytical techniques for 
material characterisation, nanomaterial synthesis, ceramic processing 
and sintering, polycrystalline laser ceramics Nd-doped YAG and 
Nd-doped yttria for SSL applications. She has published 22 research 
papers in journals and conferences.
